The realization of multiferroicity in 2D nanomaterials is crucially important for designing advanced nanoelectronic devices such as non-volatile multistate data storage. In this work, the coexistence of ferromagnetism and ferroelectricity is reported in monolayer SnTe system by transition metal (TM) doping. Based on first-principles calculations, the spontaneous spin polarization could be realized by TM doping in ferroelectric SnTe monolayer. In addition to inplane ferroelectric polarization, the out-of-plane ferroelectric polarization emerges in Mn (Fe)-doped SnTe monolayer due to the internal displacement of TM from the surface. Interestingly, the crystalline field centered on TM and interaction between the dopant and Te gradually enhanced with the increment of atomic number of doping elements, which explains why the formation energy decreases. The realization of multiferroics in SnTe monolayer could provide theoretical guidance for experimental preparation of low-dimensional multiferroic materials.
INTRODUCTION
Multiferroic materials, in which ferroelectricity coexists with magnetism, have attracted growing attentions, due to their fascinating physical properties and novel functionalities. [1] [2] [3] [4] However, in 2-dimensional (2D) materials, the enhanced depolarization field usually destroys the ferroelectricity below the critical thicknesses. 5, 6 Meanwhile, according to the Mermin-Wagner theorem, the long-range magnetic order is strongly suppressed by thermal fluctuations. 7, 8 Therefore, it is still a great challenge to retain the ferroelectricity and long-range magnetic ordering stable in thin films at room temperature to date. 9 Despite considerable efforts in searching for 2D ferroelectric (FE) and ferromagnetic (FM) materials with experimental and theoretical works, only a handful of 2D FE (e.g. SnTe 10 and CuInP 2 [18] [19] [20] such as layered transition-metal halide systems 18 , 2D hyperferroelectric metals 19 , but it still needs more efforts for the practical application of multiferroic materials with ferromagnetism and out-of-plane ferroelectricity.
One of promising ways to realize the coexistence of FE and FM is to decorate them with 3d transition-metal (TM) in FE materials, because TM doping is one of common methods to induce magnetism in nonmagnetic 2D materials [21] [22] [23] . Here, we choose FE SnTe as host material and introduce Mn, Fe and Co as dopants. The simple structure and chemical compositions of SnTe monolayer is beneficial to investigate its microscopic mechanism for multiferroic properties.
Moreover, in-plane FE has been observed and manipulated in SnTe film 10 , and theoretically, its ferroelectricity exhibits non-monotonic thickness dependence 24 , which beyond the conventional scaling law 18, 25 
COMPUTIONAL METHODS
All calculations are carried out within the framework of density functional theory methods implemented in the Vienna ab initio Simulation Package (VASP) code [24] [25] . The exchangecorrelation effect described within generalized gradient approximation (GGA) with the Perdew−Burke−Ernzerhof (PBE) functional 26 , together with the projector augmented wave method 27 , are adopted in DFT calculations. The doped model is a 3×3×1 periodic supercell with a 3×3×1 Monkhorst-Pack k-point mesh is used and the kinetic energy cutoff of 450 eV is set. In order to avoid the interlayer interaction due to the periodic boundary condition, a vacuum layer of 20 Å is adopted. All the doped systems are fully relaxed until the force on each atom is less than 0.01 eV/Å, and the convergence criteria for energy of 1 × 10 −5 eV is satisfied. In addition, a convergence test with a larger energy cutoff and denser k-points yields nearly the same results. In order to accurately describing the electronic properties of 3d TM, the hybrid functional (HSE06 [28] [29] ) is employed in this work. The Berry-phase method 30 is performed to evaluate the electrical polarization.
RESULTS AND DISCUSSION

Pristine SnTe Monolayer
Our previous work 24 reveals that the ferroelectric structure with [110]-mode which is in consistent with the experimental observation 10 . The corresponding monolayer is displayed in 
Structural properties
Next, TM-doped SnTe monolayer with one Sn atom replaced by a TM dopant per supercell (Sn 1-x TM x Te) is taken into account, as illustrated in Figure 1 (b). To verify the stability of these defective systems, the defect formation energy is estimated from the following definition:
(1) where $%&' and &34' are the total energy of the supercell with one Sn ./ defect (one Sn atom substituted by a TM atom) and the perfect supercell, respectively. The ./ and 12 are, respectively, the chemical potential of TM and Sn, which are obtained from the constituent elements in their standard states. According to the equation (1), the formation energy for each doped system has been listed in Table 2 . The formation energies are negative, indicating these defective systems are energetically favourable. This should be attributed to the absence of the outward atoms, yielding the strain induced by the dopant easily release. Furthermore, it can be found that the formation energy decreases with the increase of the atomic number of the dopant.
In order to reveal the mechanism, we investigate the local structure surrounding the dopants, such as the bond length of the TM with its nearest Te. Based on the crystal symmetry, TM atom forms three different bonds with its nearest Te, bond1, bond2 and bond3, as illustrated in Figure   1 (b). The bond lengths for different dopant are summarized in Table 2. From Table 2 , it is observed that as the size of dopant increase, the bond1 and bond3 gradually shorten, while the bond2 visually shortens and then lengthens. In fact, for the Co-doped system, the bond2 between TM and Te increases to more than 4 Å which suggests the bond has been broken. It results in the crystalline field centred on TM transforms to plane triangle from the broken octahedron, in which one of the apical Te atom is missing. With the atomic number of doping elements increasing, the bond related to crystalline field decrease. It means that the crystalline field centred on TM gradually enhanced with the increment of atomic number of doping elements. As a consequence, the interaction between the TM and Te atoms is strengthened with the increment of atomic number of doping elements, which coincides with the feature of electronic structures of Sn 1-x TM x Te monolayers in the following. 
Magnetic properties
As discussed above, the transition of the crystalline field centred on the dopants is enhanced with the increase of the atomic number of the dopant. It means that the interaction between the dopant with the nearest neighbour Te atoms is enhanced, which agrees well with the electronic structure of the doped systems. The electronic structures of the doped systems are depicted in Figure 2 where we can tell that the hybridization of the d orbital of TM with the p orbital of Te is strengthened with the increase of the atomic number of the dopant. Moreover, the hybridization of Co d orbital and Te orbital is much stronger than that of Mn (Fe), especially in the energy range -6 to 0 eV, as depicted in Figure 2 . The strong interaction in the former lifts the valence band maximum. As a result, the transformation occurs from semiconductor to metal for the Sn1-xCoxTe monolayer (see Figure 2) . The crystalline field of the broken octahedron and the plane triangle is presented in Figure 2 (d). also be well confirmed by the spatial spin density distributions (see Figure 3) . The FE properties of SnTe monolayer come from the relative displacement of sub-lattice between Sn and Te atoms. As usual, the FE properties is very sensitive to the structure distortion.
Ferroelectric properties
As stated above, the incorporation of TM induces large distortion in Sn 1-x TM x Te monolayers.
Therefore, to verify the coexistence of the ferromagnetism and ferroelectricity, the dependence of Mn and Fe doping on the FE of SnTe is investigated here (Co doped-SnTe are not considered here due to their metallicity). For the pristine of SnTe monolayer, the relative displacement of sublattice between Sn and Te is 0.16 Å. For the doping systems, the Te atoms move towards to the nearest neighbour TM/Sn atoms, as marked as in Figure 5 . As shown in Figure 5 , the farther away from the doping position is, the larger the relative displacement is. As a consequence, the global Interestingly, we find that the TM doping also induce the out-of-plane polarization in SnTe monolayer. As presented in Figure 1 
CONCLUSION
In summary, we proposed a promising alternative way to realize the coexistence of FE and FM by doping Mn and Fe into SnTe monolayer. Our work revealed that the crystalline field centred on TM transforms to plane triangle from the octahedron in Co doped monolayer while it keeps the octahedron filed in Mn and Fe doped monolayers. The change of the crystalline field has no effect on the high spin configuration of for Mn 2+ and Fe 2+ and Co 2+ . Therefore, the magnetic moment of 
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